The collapse of transmission towers involves a series of complex problems, including geometric nonlinearity, material nonlinearity, dynamic nonlinearity, and the failure of members. Simulation of the process of collapse is difficult using traditional finite element method (FEM), which is generated from continuum and variation principle, whereas the finite particle method (FPM) enforces equilibrium on each point. Particles are free to separate from one another, which is advantageous in the simulation of the structural collapse. This paper employs the finite particle method (FPM) to simulate the collapse of a transmission steel tower under earthquake ground motions; the three-dimensional (3D) finite particle model using MATLAB and the 3D finite element model using ANSYS of the transmission steel tower are established, respectively. And the static and elastic seismic response analyses indicate that the results of the FPM agree well with those of the FEM. To simulate the collapse of the transmission steel tower, a failure criterion based on the ideal elastic-plastic model and a failure mode are proposed. Finally, the collapse simulation of the transmission steel towers subjected to unidirectional earthquake ground motion and the collapse seismic fragility analysis can be successfully carried out using the finite particle method. The result indicates that the transmission steel tower has better seismic safety performance and anticollapse ability.
Introduction
The breakdown or collapse of transmission towers is common during an earthquake. In the United States, the Landers earthquake in 1992 and the Northridge earthquake in 1994 severely damaged the transmission system, respectively [1] . The Kobe earthquake in Japan in 1955 resulted in the destruction of a large number of transmission towers whose main failure modes were the subsidence of foundation, the tilt of tower, and compressive yield of structural member [2] . The Kocaeli earthquake in Turkey in 1999 also caused landslides, faulting, and ruptures of earth's surface, thereby damaging a considerable number of transmission towers [3] . Moreover, transmission lines also broke down in the Wenchuan earthquake in China in 2008 [4] [5] [6] . Figure 1 depicts the collapse of transmission towers during the earthquake.
The seismic dynamic responses of transmission towers involve initially solving a mechanical model, and its analysis involves many nonlinear problems, such as dynamic nonlinearity, geometric nonlinearity, and material nonlinearity. Kempner et al. [7] analyzed the structure of transmission towers by using the space frame model or the space truss model and discovered that the damping ratio of a 45 m high transmission tower varied between 0.015 and 0.04. Meanwhile, Kitipornchai et al. [8, 9] and Meek et al. [10, 11] established a space rigid frame model to analyze the correlations of transmission towers. They deduced the element stiffness matrix by considering initial stress, initial deformation, and geometry. The results of numerical simulation were highly consistent with those of structural tests, and they significantly improved the computational efficiency. Yasui et al. [12] established a finite element model by using the beam element and the truss element and conducted a dynamic response analysis of self-supporting and guyed transmission towers induced by wind loads, respectively, and the quality of conductors and insulators was concentrated to arms or nodes of the finite element model.
Lin et al. [13] used the finite element software ABAQUS, to develop a subroutine based on the idea of the birth-death element to simulate the progressive collapse of transmission towers subjected to one-dimensional and three-dimensional earthquake, respectively. The weak parts of transmission towers were analyzed. They concluded that the transmission tower was more prone to collapsing under three-dimensional earthquake action. Three main methods can be used to analyze structural progressive collapse: theoretical analysis, experimental study, and numerical simulation. Given that the collapse process of structures involves many complicated nonlinear cases, theoretical analysis is difficult and cannot accurately evaluate the structural failure mechanisms. In addition, conducting structural collapse tests is expensive and dangerous, and the experimental process is difficult to control. Therefore, the numerical simulation method is widely adopted for the collapse process of structures. At present, the main methods of simulating structural collapse can be summarized as follows. (1) The finite element method (FEM): firstly, the structure is discretized according to the theory of the variational principle and continuum mechanics. Next, the element stiffness matrix of each discrete element is established. Then the global stiffness matrix is formed. Finally, the structural analysis is conducted by solving motion equations. If large deformation and nonlinear problems are involved, then the FEM can lead to the convergence problem of the numerical results. Thus, special treatment measures are needed to control the strong nonlinear behavior in the collapse process of structures. Other methods are needed to solve problems of discontinuity, such as those of fractures and collisions [14] [15] [16] . Numerical simulation of the collapse process of structures is usually based on explicit integration of the finite element program. Currently, some finite element software packages, such as LS-DYNA, ABAQUS/Explicit and MSC-MARC, can be used to simulate structural collapse. (2) The discrete element method (DEM): according to the Newtonian mechanics, the explicit time integration is adopted to solve governing equations and discontinuous problems involving the contact and collision between elements. In recent years, scholars have applied the DEM to simulate the structural collapse of brittle materials, such as concrete structures [17, 18] . However, the DEM is mainly used in the simulation of particulate materials. When the DEM is applied to simulate a large 3D space structure, the modeling process is more complicated and the analysis requires an excessively large amount of calculations; furthermore, the calculation results are also inaccurate. (3) The finite particle method (FPM): the FPM was proposed by Ting et al. [19, 20] . In space functions, the structure is discretized into finite number of particles connected to one another with a massless element. In time functions, the structural motion process is divided into a limited time element called the path element, in which motion equations can be established and solved by applying Newton's second law to each particle. Therefore, the entire structural mechanical behavior can be described by this method. As a particle method, it is possible to add or delete particles and elements in the FPM, which is important in the simulation of structural collapse. Particularly, no iterations are necessary to follow nonlinear laws, and no global matrices are formed.
The objective of this work is to establish a general finite particle method framework for simulating the collapse process of the transmission steel tower, including the discretization of the structure, motion equation of particles, the internal force calculation, and the explicit time integration and solution. This study conducts the collapse simulation of the transmission steel tower model based on the FPM. The three-dimensional finite particle model of transmission steel tower is developed in MATLAB. The static and elastic seismic response analysis of transmission tower is carried out and calculation results of the FPM agree well with those of the FEM, respectively. The failure criterion based on the ideal elastic-plastic model and the failure mode are proposed. Finally, the collapse simulation of the transmission steel towers subjected to unidirectional and three-dimensional earthquake ground motions can be successfully carried out using the finite particle method.
Description of Finite Particle Method
The FPM has three basic concepts: the point value description, the path element, and the virtual reversed movement. In space, the structure is discretized into certain number of particles by point value description. In time, the motion process is divided into certain number of periods through the path element. Moreover, the internal force of elements can be calculated through virtual reversed movement. Finally, the mechanical behavior of structural systems can be accurately described by the FPM.
Discretization of the Truss Structure.
Structural analysis is primarily used to study structural properties such as deformation, internal force, and displacement when structures are subjected to external action. The basic element of structure in the FPM is the particle, and the mass, space position, internal force, and deformation of the particle are described by the property of particle ( Figure 2 ). However, elements are not used to describe the structure but to represent the topological relationship between two particles. And elements do not have mass, which is equivalent to the particles.
Establishment of Motion Equations for Truss Structure.
The motion process of structures is the function of space and time. In the FPM, the motion process of particle is divided into certain number of motions in the small time step and particle simultaneously meets the control equations. Motion of particle in the small time step is called a path element, which is applied to simulate actual motion of structures. During the path element, the number and mass of particles in structural space, the connection, and mechanical properties of elements, the displacement constraints will remain unchanged. However, it can be changed only between path elements such as fracture, yield, and collision of structural members.
By the point value description and the path element, the structural motion in real time and space can be equivalent to the motion of particles at the small time step, and this motion follows Newton's second law. Therefore, the motion equation of particle in every path element can be established using Newton's second law. For space truss structures, the displacement of a particle can be decomposed into three translation degrees of freedom. In order to conduct the seismic response analysis using FPM, the acceleration time history record is imposed on particles of the upper structure. So, the motion equation of particles subjected to the earthquake can be expressed as 
where is damping factor which is the same as the definition in the dynamic relaxation method [21] , and the structural damping is considered.
[̇̇̇] is the velocity vector of the particle. The effect of earthquake action is similar to that of the external forces, and earthquake action can be calculated in
where [̈̈̈] is the three-dimensional earthquake ground acceleration.
Internal Force Calculation of the Bar Element.
The relationship between the internal force of elements and particle position should be solved in order to accurately depict structural deformation. However, the internal force of the bar element is only related to pure deformation in the relative position. In the FPM, virtual reversed movement is utilized to calculate internal forces of bar elements. Because the internal forces (axial force) are related only to the deformation of the bar element, it is necessary to remove rigid body translations and rotations from the relative displacement. The path element assumes that the bar element has virtual reversed translations and virtual reversed rotations to obtain its pure deformation ( Figure 3 ). The time segment is assumed to be very small, and the deformation during the time step is infinitesimal. So, the engineering stress and strain could be used to calculate the internal forces of truss bars [22] . As the bar element, its deformation is only related to the variation of the bar length, and the incremental deformation of the bar can be obtained.
where 12 and 1 2 are the length of element 1-2 at time and , respectively, and 12 is directional vector of element at time . The internal force (axial force) of bar element can be expressed as
where and are axial force and axial stress of bar element 1-2 at time , respectively; Δ is the incremental axial force of bar element 1-2 at time ; and are Young's modulus and the section area of bar element 1-2, respectively. According to the static equilibrium condition
When the axial force at the virtual position 1 -2 has been obtained, let the bar element is imposed a rotation Δ and a translation Δ 1 to return to its original position ( Figure 4 ). In the process, only the direction of element axial force is changed, and the internal force of the bar element can be determined from
where 1 and 2 are the internal forces of the particles 1 and 2 , respectively. Finally, the internal force of the particle can be obtained by the summation of all axial forces of bar elements connected to it.
Solution of Particles Motion Equation.
The implicit time integration solution of motion equations requires iterations, so the calculation process is complex and there may be no convergence problem. In the FPM, explicit time integration is adopted to solve the motion equation particles. The advantages of explicit time integration lie in having a concise formula and requiring no iterations. According to the central difference method ( Figure 5 ), the velocity of the particle / and the acceleration of the particle 2 / 2 can be expressed as
Substituting (9) into (1), the difference calculation formula of particles under earthquake ground motions can be obtained as follows:
Thus, difference calculation can be started from = 1 in a step-by-step manner using (9) , and the corresponding displacement of particles of the structure can be solved in every time step; finally, structural behavior can be described.
Calculation Procedures.
The calculation procedure of truss structures using the FPM is illustrated in the following steps.
Step 1. At the first time step, = 0, the structure is dispersed into finite particles, the initial conditions of the structural calculation are determined, and the topological relationship between particles is defined, which is called as the connection of elements.
Step 2. When = 0, calculate the one step displacement value −1 before initial displacement of each particle according to (5) .
Step 3. At any time step, ̸ = 0, update the position of all particles, define special constraint points, and start the forward recursive calculation.
Step 4. Update internal and external forces of particles based on the new particle position.
Step 5. Define special constraint particles according to the boundary condition of the structure.
Step 6. Determine whether is the finial time step, and compare with total calculation time. If is less than the total time, then repeat Steps 3-6. Otherwise, end the process.
Step 7. Conduct postprocess. Obtain the required results.
The calculation flow chart of the truss structure using the FPM is shown in Figure 6 .
Failure Criterion and Failure Mode of Members.
The collapse of structures is caused by the destruction of the material. It is necessary to define the failure criterion of material when simulating the collapse process of truss structures, the conditions must be confirmed when the material reaches the ultimate strength and members' damage. At the same time, the failure mode considering the destroyed behavior must be defined, and collapse analysis of truss structures can be conducted by defining the failure criterion and failure mode of members.
Failure Criterion.
The main objective of this paper is to simulate the collapse process of transmission tower, which is a macroscopic process of spatial structural motion. However, the accurate fracture criterion of spatial steel structure is related to the research of fracture mechanics and structural material testing, which makes the problem too complicated. Thus, the spatial bar element in the FPM is simplified as the circular section without considering the emergence and development of cracks when material failure occurs. Therefore, the spatial bar element in steel structures is regarded as the ideal element that has no initial defects, and failure directly occurs when this failure reaches the stressstrain limit. There are three kinds of failure rule for 3D Use explicit time integration to solve motion equations of particle and calculate x n+1 , and store x n , x n+1
Go to time = t n + Δt last time step
Whether t n is the truss element, that is, strength failure rule, ultimate strain failure rule, and compression member buckling and softening failure rule. Strength failure rule is suitable to the hard brittle member, ultimate strain failure rule applies to the member with smaller slenderness and good ductility, and compression member buckling and softening failure rule can account for several failure modes of the larger slenderness member [23] . In this paper, the ultimate strain failure will be adopted as shown in Figure 7 . The relationship between stress and strain is linear until the member axial tensile or compressive stress reaches the yield stress value of the material crit . Then, the material behavior is proposed to be plastic until failure happens. However, the exact critical strain value at the point at which failure happens is not quite clear. According to several experiments, the critical axial tensile value is suggested to be approximately three times the yield strain, crit = 3 [24] . After failure happens, the fracture member may have one or two free ends. If the external force is not exerted, unloading will occur in the failure member. The unloading is elastic in nature with the same slope as the initial loading phase.
Failure Mode.
Fracture behaviors of members involve a series of problems, such as the separation of particles, the redistribution of internal forces and masses, and the redefinition of topological relations of elements [25] . In order to simulate these behaviors in the analysis of the FPM, it is necessary to establish the fracture failure model. When the stress reaches the failure criterion of the material, the failure mode of members may be separated from the two ends of the particle simultaneously, and it is also possible to be separated from one side of the particle. Particles maintain a dynamic balance under internal and external forces. Although axial forces at the both ends of the bar element are the same, the resultant forces of particles at the both sides of the bar element will not necessarily be the same. Thus, the resultant forces of particles at the both sides of the bar element are needed to be compared, and the fracture of members will occur at the end of greater resultant forces of particles. | | and | | are defined to resultant forces of particles at end and end of the bar element, respectively (Figure 8(a) ). If | | > | |, the fracture of the member occurs at particle M, the new particle is generated and the element is connected to the new particle as shown in Figure 8 (b). If | | < | |, the fracture of the member occurs at particle , the new particle is generated, and the element is connected to the new particle as shown in Figure 8 (c). If | | = | |, the fracture of the member happens at both ends of the member, then two new particles and are generated simultaneously, and the element is connected to the new particles and . Finally, the element is completely separated from the structure as shown in Figure 8(d) .
Example Analysis.
To verify the capabilities of the computation code, two examples are designed: Example 1: buckling analysis of 24-bar star dome; Example 2: elasticplastic loading of three-bar plane truss.
Example 1 (buckling analysis of 24-bar star dome). This example is analyzed using FPM, and the results are compared with the nonlinear finite element method. The space truss element is adopted, and the top center node is subjected to the concentrated force in the direction (as shown in Figure 9 ), elastic modulus = 3.03 × 10 3 MPa, crosssectional area = 317 mm 2 , and time step Δ = 1 × 10 −3 s. Displacement control is used in the analysis, and the displacement step Δ = 1 × 10 −4 mm.
The -direction displacement of node 1 and node 2 is tracked. The load-displacement curves are shown in Figures  10(a) and 10(b) , respectively, and the results are in good agreement with the reference [26] . It is shown that the buckling analysis of the structure using the finite particle method is feasible. Example 2 (elastic-plastic loading of three-bar plane truss). The three-bar plane truss is subjected to the load in the direction (shown in Figure 11 ), the cross-sectional area of bars is , elastic modulus at the elastic phase is , yield strength is , the length of BD bar is , and AD = CD.
Using the ideal elastic-plastic model, the theoretical solution of the load-displacement at point is expressed as follows:
where = (1 + 2cos 3 ) and = (1 + 2 cos ). The analysis is conducted using the finite particle method, elastic modulus value at the elastic phase is = 206 GPA, yield strength value is = 235 MPa, the length of BC bar = 1 m, density is = 7850 kg/m 3 , = 45 ∘ , and time step is Δ = 1 × 10 −5 s. The truss structure is subjected to the slow load action, and the results are turned into the dimensionless curve and compared with the theoretical solution as shown in Figure 12 .
As can be seen from Figure 12 , when = 45 ∘ and Δ /Δ = 2, / = 1.41. FPM analysis results are very close to the theoretical solution. However, the FPM result of the load-displacement curve is slightly higher than that of the theoretical solution when the bars go into the plastic stage. The reason is that the structure is continuously loaded in the actual analysis, and even if there is a small load increment, the great strain will be produced in the truss structure. But the theoretical solution does not consider the full plastic loading, and this small difference is considered to be reasonable. Simultaneously, the numerical examples show that the finite particle method can effectively simulate the elastic-plastic properties of truss structures. 
Establishment and Verification of Transmission Tower Model

Establishment of the Model of Transmission Steel Tower.
A 110 kV double-circuit linear transmission tower structure is studied. The elevation drawing of transmission tower is shown in Figure 13 . The total height of the transmission tower is 21 meters, the sections of tower columns are square, and materials are equilateral angle steel (Table 1) . Software ANSYS and software MATLAB are used to establish the model of the transmission tower structure by the FEM and the FPM, respectively. Although ANSYS is widely used and is relatively mature finite element software, the study on finite particle method has just started by the MATLAB program.
To verify the accuracy of the model of the FPM, the finite element model of the transmission tower is also established by ANSYS. On one hand, the finite element model is established in ANSYS by adopting the element beam 188 in Figure 14 , cross section of the elements is L-shaped equilateral steel angle, and the rigid joint of beam elements is assumed without considering eccentric connections. The finite element model has 522 elements and 172 nodes. On the other hand, a finite particle model of transmission tower is established by adopting the truss element in which only the axial force is considered. So, each particle has only three translation degrees of freedom in the directions of , , and ; thus, all joint connections that can be regarded as hinges and elements in the FPM were modeled by bar elements. During the modeling of the transmission tower, the node coordinates, connections, and section parameters of elements are derived directly from the ANSYS model and then imported into the compiled MATLAB program. When the initial parameters of the analysis are inputted, the finite particle model is established in MATLAB as shown in Figure 15 . The number of elements and nodes in the FPM is the same as that of the FEM, that is, 522 elements and 172 nodes. In the FPM, the section area of the bar element is only considered and the shape of bar element is not considered.
Static Analysis and Verification of the Transmission Tower.
The static analysis of the transmission tower is conducted using the FEM (in ANSYS) and FPM (in MATLAB), respectively. The calculation results were compared in order to verify the correctness of the finite particle model. Three kinds of static loads are applied, respectively. = −1000 is imposed on the four corners of the tower in the -direction of the model. (2) The transverse load = 200 is applied at four corners of the tower in the -direction of the model. (3) The gravity load is applied for the entire structure. The acceleration of gravity is = 9.8 m/s 2 . The analysis results are compared by using ANSYS and MATLAB when the structure is imposed on three kinds of static loads (Tables 2, 3 , and 4). Table 2, Table 3, and Table 4 show the results, including the support reactions of the four supports (in Figure 11 ) and the corresponding displacements of four nodes A, B, C, and D at different heights (in Figure 10) . Tables 2, 3 , and 4 show that the relative errors of support reactions are small under three kind of loads, all of them are no greater than 1%, and the relative deviation is only 0.06% under vertical load. Thus, this means that the finite particle method is very accurate in calculating the support reactions of the transmission tower. By comparison of the FEM and the FPM, relative deviations of displacement of the tower are less than 3% under vertical and transverse loads, respectively. It indicates that the lateral stiffness of the FPM model is very close to the FEM model. Because the global stiffness matrix is not assembled in the FPM, the dynamic characteristics of the tower can be obtained. In addition, the maximum relative deviation of displacements of the tower which is 4.11% under the gravity load caused by the distribution pattern of the mass in these two methods is different. In the FPM, the mass is concentrated on particles which are equivalent to the concentrated load at the node. However, in the FEM, mass is considered based on the distribution of the actual mass which is equivalent to the uniform loads on bar elements. In conclusion, the results of the static analysis of the finite particle method are consistent with that of the finite element method, and the accuracy of the model of the finite particle method is validated for the following application in seismic response analysis and the collapse simulation of the transmission tower. 2.24%
Linear Seismic Response and Verification of the Transmission Steel Tower. The acceleration time history of El Centro earthquake ground motion record (NS) is selected to conduct
1.80% the seismic response analysis. The peak ground acceleration (PGA) is adjusted to 1 m/s 2 , and the time step of El Centro ground motion in the FEM is 0.02 s while the time step is 0.0001 s in the FPM by using linear interpolation method, and earthquake acceleration is inputted in the direction of transverse line direction of the transmission tower. Then the elastic seismic response analysis is carried out using FEM and FPM, respectively. The time history curves of the displacement of the particle at the top of the transmission tower by the two methods are shown in Figure 16 . Figure 16 shows that the results of the finite element method and the finite particle method to calculate the displacement response of the transmission tower under earthquake acceleration are very close and the maximum displacement is 5.28 mm in 4.96 s for the ANSYS analysis while that is 5.61 mm in 5.10 s for the MATLAB program. Thus, the relative error of displacement of particles is very small so that the time history of displacement is consistent. Table 5 shows the maximum and minimal axial forces of some members of the transmission tower which are obtained by the FEM and the FPM. The axial forces calculated by the FEM are in good agreement with those by the FPM, and relative error is also within 5%. The seismic response analysis of the transmission tower is conducted by the FEM and the FPM using the same earthquake ground motion record, respectively. Results show that the time history of displacement maximum displacements and extreme value of axial forces are very close. These results also illustrated that the input method of the earthquake wave in the FPM is reliable. Therefore, the FPM can be applied to simulate the collapse analysis of the transmission tower by the MATLAB program.
Collapse Analysis of the Transmission Tower
Collapse Analysis under Different PGAs.
When the collapse analysis of the transmission tower is carried out the effect of gravity is considered, the value of the virtual damping factor is set to 5, and the yield strength of material is 235 MPa. There are 522 elements in the finite particle model by MATLAB. According to "Code for Design of Steel Structures" [25] , the stability factor of the member related to its slenderness ratio can be obtained. To simplify the analysis process, the stability factor of all members is set as 0.88. The first 10 seconds of acceleration time history of the El Centro earthquake ground motion record is selected. In order to study the collapse of the structure under different seismic PGA and determine the critical PGA of collapsed, the PGA value of the earthquake ground motion record is adjusted to 18 m/s 2 , 20 m/s 2 , 22 m/s 2 , 24 m/s 2 , and 26 m/s 2 . Failure time of transmission tower structure and members can be obtained, such as the first member, 20% members of the structure, and the complete structure, and the results are listed in Table 6 .
When PGA is 18 m/s 2 , the structure does not destroy, and the elastic behavior occurs. The structure collapsed when PGA is greater than 18 m/s 2 , and greater PGA values lead to earlier occurrences of collapse. According to the first damaged members, failure occurred at the 12 m height of the transmission tower when PGA is 20 m/s 2 and 22 m/s 2 , respectively, whereas failure occurred at 6 m under 22 m/s 2 and 24 m/s 2 . The damage location of the transmission tower will be different under different PGA values; namely, the destruction form is not the same. Because the space structure is very complex, no unified quantitative index to judge complete collapse of structure has been recorded. This paper uses the method in reference [22] , which supposed that the structure completely collapsed when 20% of total members damaged. With the increase of the PGA, the time from first damage to complete collapse becomes much shorter. failure occurred at supports and the height of 6 and 12 m; when PGA reaches 24 m/s 2 , failure occurs from the bottom to 14 m high; when PGA is 26 m/s 2 , structural damage occurs at almost every height. Thus, when the PGA is large, the damage occurred early and the failure mode becomes massive.
Collapse Analysis under Unidirectional Earthquake
Action. According to the discussion in the previous section, the critical PGA wherein the transmission tower started to collapse is between 18 and 20 m/s 2 . With the increase of the PGA, collapse becomes severe and the duration of the process of collapse was abrupt. The PGA for 20 m/s 2 is selected to capture the details of the process of collapse more clearly. The process of transmission tower collapse is complex and involves a variety of nonlinear problems and fractures of materials as well as contact-impact problems. Contact-impact problems are a new research topic that is cumbersome to discuss; hence, this subject is not discussed. Only contacts between members and the ground are considered, which are simplified by using a simple spring model for simulation. Impacts, either among members or between members and structures, are not considered after fracture. The transmission tower starts to fail at = 6.76 s and collapsed totally at = 8.34 s, at which point the duration of the collapse is 1.57 s. The process of failure is simulated by using the FPM, and structural forms in every moment are captured. Elevation drawings of structural deformation are intercepted in several representative moments, as shown in Figure 18 . At = 6.9 s, the fracture of elements firstly happen at the height of 12 m at = 7.0 s; elements are subsequently destroyed at 6 m. Damage at these two heights is the main reason for the collapse of the transmission tower. At = 7.3 s, destruction continues to worsen and elements of the transmission tower foot begin to damage. At = 7.6s, elements of the transmission tower at 17 m start to fail. Finally, the structural collapse processes continue at = 8.0 s, and structure damage begins to worsen until the complete structural collapse appears due to gravity.
The transmission tower belongs to the statically indeterminate structures which possess many redundant constraints. Redundant constraints are considered to prevent the progressive collapse of the structure. However, for the transmission tower truss structure, the redistribution of internal forces will occur if a bar element is damaged. This redistribution will lead to the destruction of other elements, and the structure will present mechanism failure until it is eventually collapsing.
Some axial force responses of representative elements are extracted for a more intuitive understanding of the collapsing process of the transmission tower, as shown in Figure 19 . For example, element 139 is the bar that is first cracked, in which the failure mode is buckling under compression and simultaneously breaks off at both ends of the bar element. Before the fracture, the axial force changed with the change of earthquake acceleration. At about = 6.7 s, the element becomes a free element and the axial force gradually decreases due to damping energy dissipation. In addition, tensile failure first happens for element 137, and the fracture also happened at = 6.7 s. Two cases are available to define the failure mode of the fracture: the fracture occurring at both ends simultaneously and a fracture occurring as just one end of the element. Element 137 belongs to the latter. Before damage, the axial force changed with the change of earthquake acceleration. Moreover, after damage, one end of the bar became free whereas another remains connected to the remaining structure. The axial forces irregularly change under earthquake ground motions.
Collapse Seismic Fragility
Analysis. Seismic fragility in structural engineering is the relationship between ground motion intensity measure (IM) and structural damage. The probability of exceeding a damage state under a given ground motion can be quantitatively described by the fragility curve. The calculation method can be divided into parameter analysis method and nonparametric analysis method [27] . The difference between the two approaches is whether the probability distribution of engineering demand parameters (EDP) needs to be assumed in advance. Nonparametric analysis does not need to assume the probability distribution of EDP. By setting different IM levels, a large number of nonlinear time history analyses are conducted to calculate the failure probability of the structure in different damage states. When selecting EDP, the relevant performance parameters (such as force, displacement, velocity, acceleration, energy, and damage) are used to describe the strength degradation, stiffness degradation, damage state, and ductility of the structure under earthquake action. Displacement is easy to apply and quantitatively describe the ultimate state of the structure under earthquake action [28] . In this paper, the maximum horizontal top displacement of the transmission tower max is selected as EDP. Combined with Chinese code, the top displacement of the tower should not exceed 3ℎ/1000 (ℎ is the tower height) to ensure that the transmission steel tower is in serviceability limit states. Top displacement should not exceed ℎ/80 to ensure that the transmission steel tower does not collapse [29] .
(1) Parameter Analysis Method. For the performance-based seismic evaluation of the transmission tower, the structural earthquake collapse fragility analysis is defined as the conditional probability of the collapse of the structure under given earthquake intensity measure. The mathematical expression is
where is structural collapse probability, IM is the ground motion intensity measure, and PGA is taken as IM in this paper.
It is assumed that the PGA value of the structure collapses from the lognormal distribution; the probability of the collapse of the structure under a given PGA can be expressed as follows:
where Φ(⋅) is the standard normal distribution function and ln PGA|Collapse and ln PGA|Collapse are the mean and standard deviation of ln PGA for structural collapse, which can be calculated as follows, respectively:
ln PGA|Collapse = √ ln ( 2 + 1), 
(2) Nonparametric Analysis Method. A group of ground motion records are selected as the input of the structural seismic collapse analysis (the total number of ground motion records is total ). If there are collapse ground motion records which lead to the collapse of the structure, then the collapse probability of the structure is collapse / total under the IM. When the number of ground motion records is sufficient and representative, the collapse probability of the structure can be quantitatively analyzed. The process of collapse seismic fragility analysis of transmission tower based on IDA method is summarized as follows:
(1) The numerical model is established, which can accurately simulate earthquake collapse behavior.
(2) Select a group of ground motion records (the total number is total ), which can reflect the ground motion characteristics of the site, and PGA is selected as IM.
(3) The elastic-plastic time history analysis of the structure is carried out under a certain IM, and the corresponding collapse number of ground motions collapse can be obtained; finally, the collapse probability of the structure under the IM is expressed as collapse / total .
(4) Monotonically increasing IM and repeating step (3), the collapse probability of the structure under different IMs can be calculated; finally, the structural collapse seismic fragility curve can be obtained.
(5) According to the structural collapse seismic fragility curve, the anticollapse safety and the corresponding reliability of the structure can be evaluated under different earthquake fortification levels.
(3) Collapse Seismic Fragility Analysis. In this paper, according to different earthquake sites and seismic intensity, 12 earthquake ground motion records are selected from the United States PEER strong earthquake record database (Table 7 ). Figure 20 shows the seismic acceleration response spectrum of record waves with the damping ratio is 2%. It can be seen that the response spectrum of the selected record waves is consistent with that of Chinese code [30] . Thus, 12 earthquake ground motion records are well representative.
The earthquake ground motion is input horizontally along the direction of the transmission tower. By adjusting the PGA amplitude of 12 seismic waves in Table 1 , the PGA is adjusted from 0.1 g to 2.5 g and the acceleration increment is 0.1 g, and the PGA of each seismic wave is gradually increased until the transmission tower collapses (the top displacement of tower reaches to ℎ/80); substituting the calculated values ln PGA|Collapse and ln PGA|Collapse into (14) , the collapse fragility curve of the transmission tower can be obtained.
It can be seen from Figure 21 that the seismic collapse probability of the transmission tower increases with the increase of PGA. And the parametric method agrees well with the nonparametric method. According to the Chinese seismic code [30] and seismic fortification standards for transmission towers, the PGA values are 0.11 g, 0.3 g, and 0.51 g under the action of minor earthquakes (exceeding probability is 50%), moderate earthquake (exceeding probability is 10%), and major earthquake (exceeding probability is 2%), respectively. When the collapse probability of the structure is 50%, the corresponding PGA value is 1.43 g using the nonparametric method, while the PGA value is 1.49 g by the parametric method. This value is about 3 times PGA value of major earthquake (the PGA value is 0.3 g). The result indicates that the transmission steel tower has better seismic safety performance and anticollapse ability.
Conclusions
This study presents the A general finite particle method framework for collapse simulation of the transmission tower subjected to earthquake ground motions. The FPM is used to establish motion equations of bar elements. Static and dynamic analyses of the transmission tower are conducted using software package MATLAB and ANSYS. Furthermore, failure criteria and the failure modes of structural elements (iii) The material nonlinearity, geometric nonlinearityn and fracture of the truss structure can be well considered in FPM. The collapse processes of the transmission tower are discussed under different PGAs, and the corresponding collapse modes are obtained. The collapse modes will provide a reference to the anticollapse design of the transmission tower subjected to earthquake ground motions.
(iv) The collapse seismic fragility analysis indicates that the parametric method agrees well with the nonparametric method, and seismic collapse probability of the transmission steel tower can meet the demand of Chinese seismic code.
The FPM is advantageous in the simulation of structural failure because particles are free to separate from one another. The collapse processes of the single transmission tower are simulated under one-directional ground motion. Further research on transmission tower-line coupling system and multisupport earthquake excitations can be taken into account in the future. And the reliability of collapse analysis should be verified through experiments or practical failure engineering.
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